Abstract-Today's Internet traffic is mostly dominated by multimedia content and the prediction is that this trend will intensify in the future. Therefore, main Internet players, such as ISPs, content delivery platforms (e.g. Youtube, Bitorrent, Netflix, etc) or CDN operators, need to understand the evolution of multimedia content availability and popularity in order to adapt their infrastructures and resources to satisfy clients requirements while they minimize their costs. This paper presents a thorough analysis on the evolution of multimedia content available in BitTorrent. Specifically, we analyze the evolution of four relevant metrics across different content categories: content availability, content popularity, content size and user's feedback. To this end we leverage a large-scale dataset formed by 4 snapshots collected from the most popular BitTorrent portal, namely The Pirate Bay, between Nov. 2009 and Feb. 2012. Overall our dataset is formed by more than 160k content that attracted more than 185M of download sessions.
I. INTRODUCTION
In the last years Internet traffic has been mostly dominated by multimedia content [1] . This has led to the development of new technologies to distribute this content: (i) p2p technologies that allow end-users to share content without the necessity of a dedicated infrastructure, (ii) Cyberlockers that are webbased portals that allow users to both upload and download content, (iii) multimedia content distribution platforms such as YouTube (video), Netflix (TV shows and Movies) or Spotify (music). In addition, in order to reduce the cost and improve the efficiency of the content distribution a new network infrastructure namely Content Delivery Network (CDN) was proposed [2] . Finally, network operators are becoming content providers as well (e.g. most of them offer their own TV and/or Video-on-Demand services) and, they have to continuously adapt their network infrastructures in order to efficiently serve the large demand of multimedia content. All these players run their own datacenters to store, process and serve the vast amount of content they offer to their clients. A previous study [3] reveals that 27% of the power going into a datacenter is consumed by storage. Furthermore, a research report from IBM on datacenters operational efficiency [4] reveals that the most efficient datacenters perform from four to six times more storage optimization (i.e. data compression, data codification, etc) than other datacenters. Some of the employed techniques in those datacenters are MapReduce or data de-duplication that tries to reduce content redundancy.
The described scenario, along with the expected steady growth of the traffic associated to multimedia content in the near future [5] , makes interesting to study the evolution of the availability, popularity and size of different types of multimedia content distributed through Internet. Understanding this evolution will help the aforementioned players to adapt their algorithms, infrastructures and resources to meet the needs of their clients and, at the same time, increment their revenues. Furthermore, researchers working in different areas such as storage allocation policies, storage optimization algorithms or content compression techniques would benefit from knowing the trends on the evolution of content availability, popularity and size in order to decide the focus of their future research.
In this paper, we present a first step to study the evolution of the availability, popularity and size of different types of multimedia content in the Internet. For this purpose we use BitTorrent as reference system. We believe that BitTorrent is the most appropriate platform to conduct our study due to the following reasons:
• BitTorrent is the application that aggregately contributed more Internet traffic in the last decade [6] [7] . Recent reports reveal that the weight of BitTorrent in the overall Internet traffic has decreased, however it is still responsible for a representative portion of the overall multimedia traffic in the Internet [1] . Specifically, this report shows that in 2012 BitTorrent is still the application generating the largest fraction of uplink traffic, in the order of 30%-40% in Europe and North America, and aggregately (downstream+upstream traffic) is responsible for more than 10 % of the traffic in North America and 15% in Europe.
• The most popular and recent content (e.g. last Hollywood movies) are typically available in BitTorrent.
• Other successful platforms such as Netflix, YouTube or Spotify are specialized in a single type of content. Instead, BitTorrent offers a broader catalogue of different types of content (e.g, video, audio, games, etc). Therefore, it allows to perform a comparative study of the evolution of availability, popularity and size across the different types of multimedia content.
Our study is based on a large scale dataset collected from the most popular BiTorrent portal, namely The Pirate Bay (TPB), over a period of more than two years between Nov. 2009 and Feb. 2012 . Note that TPB indexes millions of content from the most representative multimedia categories including the most recent and popular ones. Furthermore, TPB receives more than twice daily visits compared to the second most popular BitTorrent portal, according to Alexa ranking 1 . We have collected 4 snapshots over the defined time window that collectively account for more than 160K content that attracted more than 185M download sessions. This dataset constitutes a representative sample including the required information to perform a meaningful analysis of the evolution of content availability, popularity and size in the Internet over the considered period. Furthermore, we quantify the end-users' feedback activity by means of the number of comments that each content receives.
Our main insights are:
• Video of different types (Movies, TV Shows, Porn) represents 40-50% of the overall content and attracts 80% of the download sessions.
• The median size of the available content has doubled in a two years period.
• High-resolution content has increased five-fold in terms of availability to represent 10% of the multimedia content and downloads in Feb. 2012.
• Finally, we have observed that end-users' feedback has been always very limited.
II. BITTORRENT OVERVIEW
This section presents a brief overview of the functionality of BitTorrent as well as some related works.
A. Background
There are two separated processes in BitTorrent functionality. On the one hand, we find the process in which a user (publisher) makes a content available, or publishing phase. On the other hand, once the content is available end-users (consumers) download it in the downloading phase.
In the publishing phase, the publisher generates a .torrent file associated to a content and uploads it in a BitTorrent portal such as The Pirate Bay (TPB). In addition, the publisher registers the content in one (or more) Tracker(s), which is a server that manages and monitors the swarm (the set of peers sharing a content) associated with a given content. As part of its services, the Tracker keeps track of all the peers (i.e. IP addresses) that share the content and classifies them either as seeders (which have the full content) or leechers (which have only some pieces of the content). The .torrent file includes (among other information): the IP address of the Tracker (and optionally a list of other backup trackers) that manages the swarm associated to the content, the content size and its name. In addition, major torrent portals like TPB provide a web page for every uploaded content that includes information such as size, category, number of leechers and seeders, content description, users' comments, etc.
In the downloading phase, a BitTorrent client gets the .torrent file associated to the desired content from a BitTorrent Portal (e.g. TPB). That client subsequently sends a request to the Tracker included in the .torrent file. The Tracker replies with: (i) the number of seeders and leechers that are currently connected to the swarm, and (ii) N (typically 50 with a limit of 200) random IP addresses of peers participating in the swarm. Next, the BitTorrent client connects to those peers in order to start receiving pieces of the content (and after getting some pieces serves them to other peers). From time to time, during the downloading process, the BitTorrent client may contact the Tracker to obtain more peers.
We must notice that there exists a Tracker-less mechanism where BitTorrent users can download a file without accessing a Tracker by means of a DHT that provides them with other peers within the swarm of the desired content. Most BitTorrent clients allow using Tracker-based, DHT-based or both mechanisms in parallel to download content. Finally, it is worth to mention that a recent study [9] reports that 2/3 of BitTorrent users rely (totally or partially) in Trackers to download BitTorrent files.
B. Related Work
The success of BitTorrent in the last decade has attracted the attention of the research community that have analyzed and modeled BitTorrent behaviour [11] , characterized the BitTorrent ecosystem [10] , designed new algorithms to improve its performance [12] and addressed security and privacy issues [13] . In addition, in our previous work [15] we study BitTorrent content publishers, classify them and evaluate the socioeconomic reasons that motivate these users to make content available in BitTorrent (which in most cases is copyrighted material). Therefore, the technical and socio-economical aspects of BitTorrent have been thoroughly studied.
More related to our work, [14] models the content popularity of a large set of torrents. We extend this work by analyzing the popularity of different content categories and also characterize the evolution of other parameters such as content availability and size. Finally, [6] [7] analyze the evolution of the Internet traffic in 8 regions of the world covering the most important applications like web browsing, multimedia streaming, p2p file-sharing, one click hosting, etc, including BitTorrent. In addition, the authors also study the representativeness of different content categories. Although their results are interesting, these studies do not consider regions like North-America or Asia, and monitor less than 200K users in Western Europe. In contrast, our datasets include 100x more users without any regional restriction, thus leading to more accurate results in the evolution of multimedia content in BitTorrent.
III. MEASUREMENT METHODOLOGY
The goal of our measurement process is to collect a large number of contents and the following information for each one of them: (i) the content Category/Subcategory as defined by TPB, (ii) the number of associated download sessions, (iii) the content size, (iv) the number of comments provided by end-users. Towards this end, we leverage the RSS feed of TPB to detect the availability of any new .torrent file. When a new torrent is detected, in addition to gather its size (from the .torrent file) and Category/Subcategory from TPB, our crawler tool periodically queries the tracker in order to obtain the IP addresses of the participants in the content swarm and always solicits the maximum number of IP addresses (i.e. 200) from the Tracker 2 . To avoid being blacklisted by the Tracker, we issue our queries at the maximum rate that is allowed by the tracker (i.e. 1 query every 10 to 15 minutes depending on the tracker load). Given this constraint, we query the tracker from several geographically-distributed machines so that the aggregated information by all these machines provides an adequate high resolution view of the participating peers (i.e. number of download sessions). We continue to monitor a target swarm until we receive 10 consecutive empty replies from the Tracker. This allows us to capture for each new content its size, Category/Subcategory and the number of associated download sessions. Finally, in order to gather the number of comments for a given content, we crawled TPB page of all collected content in June 2012. It must be noted that at that time some of the contents collected by our crawling tool had been removed from TPB, and thus we could not gather their number of comments.
Using the described methodology we have collected four snapshots of TPB content between Nov. 2009 and Feb. 2012. We refer to them as pb09, pb10, pb11 and pb12 based on the year in which each dataset was collected. Table I summarizes the main characteristics of these datasets (as it is shown in the table we do not have the number of download sessions for pb09). All the snapshots together contribute more than 160K torrents (i.e. contents) and 185M download sessions. These numbers allow us performing a comprehensive analysis on how the content (and its division into different categories) has evolved over the two years period that separates the four datasets.
Note that our tool only collects those peers indexed by trackers but not those using the DHT. This has no impact on our analysis of the evolution of content availability, content size and users' feedback because these metrics are independent of the mechanism used by the peers to download content. Furthermore, since Tracker-based downloads represent 2/3 of the overall download sessions, the sample of peers included in our dataset is representative enough to derive meaningful conclusions on the evolution of content popularity across different multimedia categories.
IV. CONTENT EVOLUTION ANALYSIS
In this section we investigate how the relative weight (in %) of the different content categories evolve in the period under study. For that, we first classify all the collected contents following the Category/Subcategory schema defined by TPB. Following, we analyze each of them from an availability (portion of content available in each category) and a popularity (portion of downloads for each category) perspective. Table II shows the portion of content available in each Category/Subcategory for pb09, pb10, pb11 and pb12 snapshots.
A. Content Availability Evolution
VIDEO is the dominant category and doubles, in all the snapshots, the number of contents available in any other category. The VIDEO category shows a very slight increment in its presence between pb09 and pb10 from 39% to 41%. It keeps a stable growth to reach 52% (i.e. at this point there was more video content than the sum of all other categories) of the overall content in pb11, and then it surprisingly shows a considerable drop of 6 percentage points (to 46%) in the two months separating pb11 and pb12.
We now turn our attention to the PORN category that shows an important increment in its representativeness during the five months between pb09 and pb10. This increase allows PORN scaling from the 5 th category in terms of availability in pb09 (8%) up to the 2 nd position in pb10 accounting for 21% of the total content. From this moment on, it remained in the 2 nd position and maintained its weight, 21% in pb11 and 23% in pb12.
The remaining categories (AUDIO, APPLICATIONS, GAMES and OTHER) follow a common trend. They steadily reduce their weight between pb09 and pb11 and change this slope between pb11 and pb12. Although the trend is similar we can find a much more marked representativeness loss in the APPLICATIONS and OTHER categories. The APPLICATIONS category almost halves its presence between pb09 (16.8%) and pb10 (10%), and maintains that decrement to only account for 4% of the content in pb11, followed by a small increase up to 5% in pb12. The OTHER category shows a strong decrement of its weight between pb09 (15%) and pb10 (8.7%) to later slow down the slope of this loss to end up in 7% of the total content in pb11 and slightly increases this value (7.5%) in pb12. Contrary to these cases, GAMES and AUDIO categories present a smoother reduction in their contribution between pb09 and pb11 of 3 percentage points for AUDIO and 2 percentage points for GAMES, to later increase 1 percentage point in pb12.
After analyzing the evolution of each category we can present three interest insights: • The presence of Windows related content has dramatically decreased. It represented 13% of the total available content in pb09, while in the most recent snapshots its presence is reduced to a mere 3%.
B. Content Popularity Evolution
The previous subsection has analyzed the content availability in TPB. In this subsection, we study the evolution of the popularity of different Categories/Subcategories over time based on the number of download sessions associated with each content in our snapshots. Table III shows the portion of download sessions in each Category/Subcategory for pb10, pb11 and pb12 snapshots. As we mentioned earlier, we did not collect download information for pb09.
VIDEO is the most popular category attracting more than 3/5 of the downloads in all the snapshots. However, it shows a relevant drop in its popularity over time. VIDEO represented 71% of the downloads in pb10 and steadily decreased after that, to 64% and 59% in pb11 and pb12 respectively. This loss of popularity might be due to the presence of popular Video-on-demand systems offered by content providers and ISPs that have attracted quite a lot of users. It is particularly relevant the case of NetFlix in NorthAmerica that currently is the application generating more downstream traffic [1] .
PORN appears as the second most popular category among BitTorrent users. Contrary to VIDEO, PORN presents a steady increase in its weight since it accounts for 17% of the download sessions in pb10, 24% in pb11 and 31% in pb12. The growth in the PORN's share (14 percentage points) almost matches the VIDEO category drop (12 percentage points). Finally, it is very important to notice that the sum of these two categories represents about 90% of the total downloads for the three snapshots. More interestingly, by zooming in our analysis into subcategories, we realize that out of that 90%, 80% belongs to the following subcategories: VIDEO/Movies, VIDEO/TV Shows, VIDEO/Highres-Movie, VIDEO/Highres-TV Shows, PORN/Movies, PORN/Highres-Movies.
The popularity of High-resolution PORN and VIDEO content follows the increasing trend in the availability of this type of content. While High-resolution content only attracted 1.87% of the downloads in pb10, it has increased its popularity 5 times by receiving 9.62% of the downloads in pb12.
If we analyze the remaining categories: (i) we find that AUDIO contributes 5% of the downloads (with variations smaller than 1 percentage point over the three snapshots).
(ii) APPLICATIONS goes from 2% in pb10 to less than 1% in pb11 and pb12. It is worth noting that APPLICATIONS category contribution is mainly due to Windows applications. (iii) GAMES starts at 1.2% in pb10, gains 1 percentage point in pb11, and loses it again in pb12. (iv) Finally, the OTHER category remains stable around 3% with variations smaller than 0.5 percentage points.
In a nutshell, PORN is compensating for loss in VIDEO, which in the worst case attracts 3/5 of the downloads. Both categories together account for 90% of the downloads. Furthermore, we observe a significant increase in the High-resolution 
C. Content Availability Vs Content Popularity Discussion
The most significant content in BitTorrent (according to its major portal, TPB) in terms of availability and popularity are Movies (including porn ones) and TV Shows. Although this type of content represents only 1/2 of the available content, it accounts for 4/5 of the downloads.
In the case of PORN content we perceive a stable availability (a bit higher than 20%), but an increment of its popularity, from 17% to 31% of download sessions. In particular, PORN is taking up the popularity reduction suffered by the VIDEO category. Similarly to VIDEO, the proportion of available content for PORN is lower than its weight in number of downloads (except in pb10). For the rest of the categories the portion of available content exceeds the portion of downloads. The AUDIO category represents between 12%-15% of the available content but only attracts 5% of the downloads. This difference between availability and popularity is due to the presence of several platforms where high quality audio content can be accessed either free (e.g. Spotify) or at low rates (e.g. iTunes). In the case of the GAMES category, it contributes between 3%-5% of the content to get 1%-2% of the downloads. The OTHER category feeds 7%-9% of the content (without considering pb09) and only captures 3% of the downloads. Finally, the APPLICATIONS category contributes 10%, 4% and 5% of the content in pb10, pb11 and pb12, to attract 2%, 1% and 0.8% of the downloads, respectively. Therefore, we can conclude that if TPB removes all the categories except VIDEO and PORN, although it would lose half of its available content, it would not suffer a significant reduction in the downloading activity. In addition, the results suggest that High-resolution content is rapidly increasing its availability and popularity.
V. BITTORRENT'S CONTENT SIZE ANALYSIS
In this section we characterize the evolution of the content size across the four snapshots. This allows us understanding whether the size of BitTorrent content is increasing linked to the presence of everyday larger content in the multimedia arena (e.g increment of High-resolution content presence). To perform this discussion, we will first look at the aggregate content size distribution across all the snapshots to later narrow down our analysis to individual categories. Figure 1 depicts the CDF of content size for our four snapshots. For a better understanding, the graph only shows the CDF for content up to 5 GB (that includes the DVD standard size of 4.7GB), which accounts for more than 96% of the content within our dataset. The graph shows a steady increase of the content size over the 2-years period under study. The median value of the content size in pb09 was 223MB and increased by 53% (to 341MB) in the next five months (pb10). It kept growing up to 370MB and 458MB in pb11 and pb12 respectively. The conclusion is that BitTorrent content has doubled its size (in median) in a period of 2 years. We also want to highlight that the content larger than a standard DVD of 4.7GB (not included in the graph) increases its representativeness by almost 2 percentage points from 2.06% in pb09 to 3.85% in pb12.
A. Aggregate Content Size Distribution

B. Content Size per Category
Having depicted the overall picture for the content size evolution, we devote our effort to analyze the different categories. Figure 2 shows the box plot (which includes 25th-percentile, 50th-percentile or median, and 75th-percentile) of the content size for every category in each one of the four snapshots. The obtained results allow us dividing the categories into two groups: (i) low-size categories composed by AUDIO, APPLICATIONS and OTHER, and (ii) large-size categories formed by VIDEO, GAMES and PORN.
Among the low-size categories, AUDIO is the one presenting a larger size and a very stable distribution over the 2-years period under study. The median size for AUDIO is around 120MB with a small variance. Its 75th-percentile doubles the median and stays close to 250MB, except in pb11 that goes above 300MB. The APPLICATIONS and OTHER categories show very low median values below 25MB in all the datasets. The only remarkable issue for these two categories happens for APPLICATIONS in pb10, which shows a much higher 75th-percentile (285MB) than in the other cases.
In the large-size categories, VIDEO is the one with the largest median content size over time. It is interesting to observe that it presents a quite stable median value with only a slight variation between 650MB and 700MB. While the 25th-percentile is also stable (∼340MB) in the four snapshots, the 75th-percentile presents a moderate increment of 31% from its lowest value of 1.1GB in pb10 to the highest one of 1.44GB in pb12. PORN ranks as the category with the second largest median content size. In the case of PORN all percentiles grow over time. For instance, the median size evolves as follows: 280MB (pb09), 405MB (pb10), 434MB (pb11) and 558MB (pb12). This demonstrates that PORN content has doubled its median size in a period of only two years. Finally, GAMES is the category that presents a major variance between the different percentiles. The 25th-percentile and the median are always lower than the same parameter in the VIDEO and PORN categories. However, the 75th-percentile becomes the largest one in pb11 and pb12. These large variability between the different percentile thresholds occurs because we can find a large set of games with a very small size (e.g for smartphones, portable videoconsoles, etc), and at the same time a large set of games of very big size (e.g. DVD, Blue-ray, etc). In particular, the extreme variability shown in pb11 and pb12 responds to the recent appearance of video-game consoles and PCs that are Blue-ray capable and the increasing presence of Blue-ray games in the market.
C. Content Size Increment Discussion and Implications
First of all, it must be noted that those categories that massively contribute to BitTorrent (i.e. VIDEO and PORN) happen to be the ones presenting a larger size, while those categories with a minor presence contain content of small size. The only exception is the GAMES category that shows an extreme variability in the size of its content, especially in pb11 and pb12 snapshots.
The increment of the content size can be explained by 3 main factors: (i) The important evolution in the availability of High-resolution content (large size) which in pb12 already represents 8.2% of the content. (ii) PORN that represents more than 20% of the content is doubling its size (in median); and, (iii) the 75th-percentile for VIDEO content size (which represents 40%-50% of the available content) has increased a 31%, probably due to the major presence of High-resolution Movies and TV Shows.
The fact that BitTorrent content (and by extension mutlimedia content in the Internet) has doubled its size in the last two years is something that major Internet players in the content distribution industry (ISPs, multimedia content providers, Hosting Services, CDN operators, etc) need to take into account in order to update their infrastructures, resources and data processing techniques. For instance, if the content growth speed depicted by our results remains stable over time, these players will need to fairly increase the storage capacity of their datacenters every two years, or perform intensive data processing to avoid such storage capacity increment. An interesting aspect related to the BitTorrent content analysis is to study the users' interaction and feedback. In order to measure such activity we have crawled the TPB page of each content in our dataset (unless they had been removed from TPB) to capture the number of comments that BitTorrent users wrote. With this data we are able to study how the number of comments have evolved over the period under study. Table IV shows the percentage of aggregate content and per category that received at least one comment on their TPB page as well as the portion of content that collected 3 or more comments.
VI. USER COMMENTS ON BITTORRENT CONTENTS
First of all, if we look at the aggregate content results we conclude that the social activity around BitTorrent content is quite reduced and the users are just focused on accessing the content without sharing much about its experience. The portion of content receiving three or more contents is in the best case 14% (pb09) . In addition, we did not find any content with more than nine comments. Furthermore, the number of comments per content decreases over time. For instance the portion of content that presents at least one comment goes down from more than 40% in pb09 and pb10 to 32% and 29% for pb11 and pb12, respectively. This happens because the time is an important variable that increases the likelihood that a content receives one or more comments, the longer the content is exposed the more likely is that a user comments on it.
The GAMES and APPLICATIONS categories are the ones containing a larger portion of content with comments. Although in pb09 GAMES is largely leading this ranking, in the other snapshots both categories present similar results alternating in the first position. We could roughly account between 55%-65% of the content with at least one comment and 20%-30% with three or more comments. GAMES and APPLICATIONS content usually requires some particular knowledge to manage them (e.g. what movement each button generates in a video game, how to find different options in an application, etc). In addition, in the case of applications the installation process could be challenging for non-skilled users. These two factors increase the need for BitTorrent consumers to interact with the content publisher (or with other consumers of the same content) in order to solve some issue and manage the downloaded game or application.
After the two leading categories, we can find a second group that includes AUDIO, VIDEO and OTHER categories. We can establish rough intervals of 30%-40% and 5%-15% for the portion of content in those categories presenting at least one comment and 3 or more comments in their TPB page, respectively. This makes a relevant difference of 15 percentage points from the two previous categories.
Finally, the PORN category attracts the fewest comments from end-users. Roughly 15%-30% of the PORN content shows at least one comment, and only 2%-6% has three or more comments. PORN is not only the category with the smallest portion of content attracting comments, but it is also the one experiencing the largest reduction of this parameter over the time. It loses 20 percentage points from 33% (in pb09) to 12% (in pb12) during the time period under study. It is obvious that PORN is a very controversial content that is still considered immoral in much of the world, and even forbidden in many countries. Therefore, although it is massively consumed (2nd category in content availability and popularity), consumers prefer not to comment on it.
In a nutshell, this section demonstrates the low interest of BitTorrent users in commenting on their downloaded content. This reveals that users of BitTorrent portals (typically used to distribute copyrighted content) prefer to minimize their visibility, which suggests that they are aware of the illegal nature of their activity.
VII. CONCLUSION
This paper has presented a thorough analysis on the evolution of multimedia content available in the most popular BitTorrent portal over a two years period between Nov. 2009 and Feb. 2012. Our results predict a steady and important increment of the multimedia content traffic, which already represents the major part of the Internet traffic, sustained in three main findings: (i) Multimedia content has doubled its size in a period of only 2 years, (ii) the major part (80%) of the consumed multimedia content corresponds to TV Shows and Movies (including porn) that belong to those categories with the largest size, and (iii) High-resolution content, which has very large size, is increasing its presence and it already represents 8% of the available content and 10% of the downloads in our most recent snapshot dated at the beginning of 2012. These findings are useful to those Internet players (i.e. ISPs, content providers, hosting services, CDN operators) involved in the content distribution business in order to update their infrastructures, resources and data processing algorithms to efficiently distribute and serve multimedia content. Furthermore, the significant growth of multimedia content in the last 2 years justifies the research efforts that try to reduce the datacenters storage necessities for the aforementioned players, and thus the results shown in this paper are of high value for those researchers working in that area.
